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Abstract
Globalization of trade and travel has facilitated the spread of non-native species across the earth. A proportion of
these species become established and cause serious environmental, economic, and human health impacts. These
species are referred to as invasive, and are now recognized as one of the major drivers of biodiversity change
across the globe. As a long-time centre for trade, Europe has seen the introduction and subsequent establishment
of at least several thousand non-native species. These range in taxonomy from viruses and bacteria to fungi, plants,
and animals. Although invasive species cause major negative impacts across all regions of Europe, they also offer
scientists the opportunity to develop and test theory about how species enter and leave communities, how non-
native and native species interact with each other, and how different types of species affect ecosystem functions.
For these reasons, there has been recent growth in the field of invasion biology as scientists work to understand
the process of invasion, the changes that invasive species cause to their recipient ecosystems, and the ways that
the problems of invasive species can be reduced. This review covers the process and drivers of species invasions in
Europe, the socio-economic factors that make some regions particularly strongly invaded, and the ecological
factors that make some species particularly invasive. We describe the impacts of invasive species in Europe, the
difficulties involved in reducing these impacts, and explain the policy options currently being considered. We
outline the reasons that invasive species create unique policy challenges, and suggest some rules of thumb for
designing and implementing management programs. If new management programs are not enacted in Europe, it
is inevitable that more invasive species will arrive, and that the total economic, environmental, and human health
impacts from these species will continue to grow.
Keywords: Alien species, Biodiversity conservation, Biological invasions, Biotic resistance, Impacts of invasive spe-
cies, Management, Pathways, Policy, Tens rule, Vectors
Introduction
Globalization has integrated widely dispersed human
communities into a worldwide economy. This process
provides many benefits through the movement of people
and goods, but also leads to the intentional and uninten-
tional transfer of organisms among ecosystems that were
previously separate [1]. Some of these species become
established beyond their native range, a subset of these
spread, and some of these have negative impacts and
are termed invasive [2]. Although not all species moved
beyond their native range become established [3], the
large number of species transported and the range of
pathways that move species mean that non-native spe-
cies are now recognized as one of the major drivers of
global biodiversity loss. They also cause significant
damage to economies and human health [4-7].
Europe has been a centre for international trade for
many centuries and has consequently seen the establish-
ment of a large number of species. Some of these spe-
cies have positive effects, including a subset of those
introduced to enhance fisheries. Many other species,
however, cause large negative impacts. These species
cover a broad taxonomic range - from viruses and bac-
teria to fungi, plants, and animals - and affect all Eur-
opean nations and regions [6]. Where timelines are
available, the number of non-native species established
in Europe is generally increasing exponentially in fresh-
water [8] and terrestrial ecosystems [5,8-11]. This
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pattern is consistent with exponential increases in trade
and travel [5]. Without increased efforts to manage
pathways of introduction, the number of invasive species
will continue to grow. Indeed, because there is often a
significant lag period between species introduction and
spread, it is likely that many future invasions have
already been set in motion [12,13]. Consequently, the
task of designing policies to reduce the transport and
release of non-native species, and to manage those
already established, has become a large priority for both
national governments within Europe, and for the Eur-
opean Union [14,15].
In contrast to their negative impacts, non-native spe-
cies offer large opportunities for ecologists to test funda-
mental theory [16,17]. In many cases, established non-
native species spread rapidly into new ecosystems.
These species interact with native species through com-
petition, predation, herbivory, introduction of disease,
and resource use. When carefully studied, the effects of
these perturbations allow insight into basic ecological
processes. For example, community ecology seeks to
understand why certain species communities exist (or
do not), and how species within those communities
interact. Because invasions involve new species entering
communities and interacting with resident species, they
offer insight into these patterns and processes. The very
real need to better understand the process of invasion
so that native habitats can be conserved, combined with
opportunities to test fundamental ecological processes,
has led to huge recent growth in the field of invasion
biology (e.g. [18]), including in Europe.
The goal of this paper is to review the ecology and
current status of non-native species in Europe, and to
outline a framework for policy to reduce their number
and impacts. We begin with a description of the inva-
sion process through which non-native species are intro-
duced, become established, and may then go on to have
negative impacts. This structures the sections that follow
which cover the pathways of species introduction, the
characteristics of habitats and species that lead to estab-
lishment, the number of non-native species in Europe,
and their impacts. Finally, we describe some characteris-
tics of species invasions that create unique challenges
compared to other environmental issues. We propose
some general principles to govern the policy response to
the risks from invasive species. Throughout the paper,
we discriminate among three groups of organisms: ter-
restrial animals, terrestrial plants, and aquatic organisms.
This distinction corresponds to the published literature,
which in many cases is quite divergent among the
groups. Our sections about aquatic organisms include
both marine and freshwater species. We primarily
review material specific to species invasions in Europe,
but include work conducted elsewhere as necessary.
The invasion process
To become invasive, a species must pass through a
number of transitions (e.g. [2,19,20]). First, it must be
entrained in a pathway and survive transit, where a
pathway is a human-mediated process that facilitates the
movement of species from one region to another. When
it arrives in a region beyond its native range due to
direct or indirect human intervention, it is referred to as
introduced. Species that are not able to maintain self-
sustaining populations, but that are occasionally found
beyond cultivation, are often termed casual species.
Next, if a species survives, escapes, and begins reprodu-
cing without direct human intervention it is referred to
as established. Finally, we refer to a species as invasive if
it spreads widely and causes measurable environmental,
economic, or human health impacts.
Although the process described above is common to
all invasions, different terminologies have been pro-
posed, and these are often associated with different taxa
or regions. For example, botanists may speak of an inva-
sive plant as one that exceeds some predetermined rates
of spread, whether or not it causes negative impacts (e.
g. [19]). While we acknowledge the range of terminolo-
gies available, throughout this paper we use the defini-
tions given in the previous paragraph.
The proportion of introduced species that become
established can be quite low, as can the proportion of
established species that spread and become invasive.
These proportions vary with the taxonomy of the spe-
cies in question, and the regions to which they are
introduced. The ‘tens rule’ was proposed by Williamson
[3] as a rule of thumb to approximate the proportion of
species that make it through each step in the invasion
process. This rule holds that approximately 10% of
introduced species will become established, and approxi-
mately 10% of those species will become invasive.
Hence, if 100 alien species were introduced, the tens
rule holds that one will become invasive. The tens rule
was developed with a focus on terrestrial plants, but has
been applied by other authors to a wide range of spe-
cies, often without thoroughly evaluating its validity. For
example, recent studies show that for many animal taxa,
the percentage of introduced species that become estab-
lished and the percentage of established species that
become invasive can exceed 50% [5,21]. According to
the definition of invasive given above, Europe now con-
tains >100 terrestrial vertebrates, >600 terrestrial inver-
tebrates, >300 terrestrial plants, and >300 aquatic
species that have become invasive [7].
The following sections are organized to follow the inva-
sion process. In each, we describe the current state of
knowledge about non-native terrestrial animals, plants,
and aquatic organisms in Europe. We discuss the domi-
nant pathways of introduction and the characteristics of
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ecosystems and species that most often lead to establish-
ment. Next, we give estimates of the number of estab-
lished non-native species from each group in Europe, and
describe their impacts.
Introduction pathways
There is a long history of classifying the pathways of
non-native species. One of the oldest classifications was
developed by Thellung [22,23] for Central Europe. More
recent schemes are from [9] and [24], and reviews and
syntheses are from [25] and [11]. Hulme et al. [9], the
most recent classification from a European perspective,
identified three general mechanisms through which
non-native species may enter a new region: importation
as or with a commodity, arrival with a transport vector,
and dispersal by the species themselves, either along
infrastructure corridors (e.g. roads, canals) or unaided.
The first of these, transportation as or with a commod-
ity, arises from direct human movement of goods.
Transportation as a commodity occurs when people
identify a species as having desirable qualities and inten-
tionally move it beyond its native range. Species intro-
duced as commodities can be released intentionally (e.g.
stocking animals to create populations for fishing and
hunting, introduction of species as biological control
agents) or can escape unintentionally (e.g. ornamental
plants reproduce and spread beyond gardens, fish in
aquaculture facilities escape). Species transportation
with a commodity occurs when traded organisms arrive
contaminated by non-native species, including diseases
and parasites. These contaminants are not introduced
intentionally, but may escape to become established and
invasive. For example, the crayfish plague disease (Apha-
momyces astaci) was introduced to Europe on North
American crayfish imported for aquaculture. This dis-
ease has escaped, become established, and now infests
and endangers native crayfish populations across Europe
[26]. Another example is the Asian tiger mosquito
(Aedes albopictus), which is native to South-east Asia
but has spread to at least 28 countries, including several
European countries, on ships as a contaminant of the
trade in used car tires [27].
The second mechanism, arrival with a transport vec-
tor, refers to species that hitchhike on human modes of
transport to reach regions beyond their native range.
Modes of transport include ships (e.g. species in ballast
water or attached to hulls), airplanes (e.g. contaminants
of cargo, diseases/pests on food carried by passengers),
and automobiles (e.g. as seeds caught in mud on tires).
The influence of ships has been particularly strong in
aquatic ecosystems, with many marine and freshwater
species having become harmful invaders after dispersal
in or on ships [28]. In Europe, this has included the
spread of zebra mussel (Dreissena polymorpha) from the
Ponto-Caspian Basin to the Atlantic and U.K. through
the river and canal network.
The third mechanism is dispersal by the species them-
selves, either along infrastructure corridors or unaided.
Corridor dispersal occurs when organisms move along
canals, railways, roads, and other linear habitats created
by humans. Examples include the introduction of spe-
cies from the Red Sea into the Mediterranean Sea
through the Suez Canal [29]. Unaided dispersal occurs
when a non-native species becomes established in a
neighbouring or nearby ecosystem, and then spreads
without human intervention. An example is the continu-
ing spread of invasive horse-chestnut leafminer moth
(Camariella ohridella) [30] across Europe. Although this
species was only introduced into a limited area, it has
developed large populations and spread widely. Table 1
lists a number of important pathways that have trans-
ported species that are now established to Europe.
Terrestrial animals
Most terrestrial vertebrate animals established in Europe
(or elsewhere throughout the world) were intentionally
introduced as commodities, e.g. by the pet trade, the
live food trade, or as stock for the trade in fur pelts
[9,31-33]. Although some of these pathways have been
modified and restricted to reduce the risk of invasion,
many remain very active. For example, the pet trade
remains a dominant pathway for the introduction of
new invasive species to Europe [31,32].
Many other terrestrial animal species, especially inver-
tebrates, have been introduced across Europe uninten-
tionally, mostly as stowaways or contaminants on traded
products, on vehicles (e.g. ships), or as diseases/parasites
of plants, animals, and humans [9,31-33]. In general,
much less is known about introductions of species that
were introduced unintentionally because they are usually
not recorded until they become established.
Terrestrial plants
Almost two thirds (62.8%) of the established plant spe-
cies in Europe were introduced intentionally for orna-
mental, horticultural, or agricultural purposes. The
remaining species were introduced unintentionally,
mostly associated with transport vectors, or as contami-
nants of seeds and other commodities [34]. Of the ter-
restrial plant species that have escaped from human
cultivation, some were intentionally released (i.e. planted
in the wild to ‘improve’ the landscape), some were con-
taminants or stowaways, and only a few arrived unaided
[9]. Consistent with increases in international trade,
there has been a steady increase in the number of estab-
lished non-native terrestrial plant species discovered in
Europe, especially since 1800. Currently, an average of
6.2 species not native to any part of Europe is newly
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recorded as established each year. An average of 5.3
European species are found in parts of the continent
outside their native range each year [10].
Much less is known about the introduction and spread
of non-native lower plants and fungi, and about changes
in the number of non-native species in Europe over
time. It is known that these taxa can have enormous
impacts, with perhaps the most damaging examples
being diseases of crops and livestock. The potato fam-
ines that occurred across Western Europe during the
nineteenth century, for example, were caused by the
invasive potato blight (Phytophthora infestans) [35],
introduced from North America.
Aquatic organisms
The pathways of introduction for aquatic organisms are
generally known with less precision than those for terres-
trial organisms. This arises partly because many aquatic
species are introduced unintentionally with few (if any)
records kept. Additionally, the difficulty of sampling in
marine and freshwater environments means that a spe-
cies may be well established, and may have spread from
its initial site of introduction, before it is recorded.
Shipping has been by far the dominant pathway for
the introduction of non-native marine species to the
European Atlantic coast (47% of established non-native
species) and to the Baltic Sea (45%, [36]). This pathway
has also been a significant factor in freshwater animal
introductions to Europe (25% of established non-native
species, [37]). The shipping network creates connections
among aquatic ecosystems across the globe, and organ-
isms are frequently transported in the ballast water of
ships, or attached to hulls as fouling organisms [28].
Ballast water is taken on to increase a vessel’s weight
when it is not fully laden with cargo. As this water is
taken on, any organisms in the water are also sucked in.
Vessels then travel to subsequent ports, and surviving
organisms can be discharged with ballast water if the
vessel takes on more cargo.
The opening of canals that link previously isolated
water bodies has created many opportunities for the
introduction and spread of non-native species. In the
Mediterranean Sea, 54% of established non-native spe-
cies arrived by dispersing through the Suez Canal [36].
Canals have also had a profound impact on the estab-
lishment and spread of non-native freshwater species in
Europe, and this impact is tightly linked to shipping.
There are now river and canal connections running
from the Black Sea across Europe to the mouth of the
Rhine River, and north to the Baltic Sea [38]. These
connections have served as invasion corridors for many
species native to the Ponto-Caspian into Western and
Northern Europe. It is estimated that 8% of non-native
freshwater animal species in Europe arrived by using
natural dispersal mechanisms to move through canals
[37]. In addition, many of the species that arrived
through shipping (see previous paragraph) could only
do so because of the existence of canals.
Table 1 Some important pathways of introduction for non-native terrestrial animals, terrestrial plants, and aquatic
organisms
Group Sub-group Dominant pathways References
Terrestrial
vertebrates
Mammals Intentional introduction as commodity (for hunting, ‘fauna improvement’, fur farming, as pets,
or for zoos), then either intentional release or accidental escape
[9,31]
Birds Intentional introduction as commodity (for hunting, ‘fauna improvement’, as pets, or for zoos
or bird parks), then either intentional release or accidental escape
[9,32]
Reptiles/amphibians Intentional introduction as commodity (for ‘fauna improvement’, as pets, food source, or
biological control agents), then either intentional release or accidental escape
[9,32]
Terrestrial
invertebrates
Insects Unintentional introduction as contaminants or stowaways, sometimes deliberate release as
biological control agents
[9,33]
Other Unintentional introduction as contaminants or stowaways [33]
Terrestrial
plants
Vascular plants,
mosses, and lichens
Intentional introduction as commodity for garden trade (ornamentals), horticulture,
unintentional introduction as contaminant of plants introduced for agriculture and
ornamental trade (e.g., soil contaminants in plant pots)
[9,10,34,126]
Aquatic
organisms
Fishes Intentional introduction for aquaculture, stocking to improve recreational and commercial
fisheries (including illegal stocking), as well as for weed and mosquito control, unintentional
introductions with ship ballast water, ornamental species, fishing bait releases
[75,127]
Crustaceans Intentional introduction for aquaculture, ornamental reasons (Decapoda), unintentional
introductions with ship ballast water, canals
[38,128-130]
Mollusks Unintentional introductions with shipping, waterways, accidental (e.g. during fish stocking),
but also from garden pond and aquarium trade
[131,132]
Plants Intentional introduction for ornamental (aquarium and watergarden) trade, often further
spread by boats and waterbirds
[133,134]
Pathways of introduction for organisms established in Europe. Pathway lists given are not comprehensive and were chosen to give an indication of the total
range of vectors, not necessarily those that are most important for each group.
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Despite the influence of shipping and canals, the most
important pathways for the introduction of non-native
freshwater animal species to Europe have been stocking
(30% of species) and aquaculture (27%) [37]. Stocking
has been largely of fish to create new wild populations,
while aquaculture introductions have arisen from the
unintended escape of farmed species and their asso-
ciated organisms (e.g. parasites). Aquaculture has also
been important for introductions of marine species to
the Atlantic coast, Baltic Sea, and Mediterranean,
accounting for 24%, 18%, and 11% of established species,
respectively [36].
The final pathways mentioned here are the trades in
ornamental (predominantly aquarium and watergarden)
and aquaculture species. Ornamental introductions have
been especially important in freshwater ecosystems,
accounting for 8% of established non-native animal spe-
cies. Ornamental introductions also appear to be by far
the dominant pathway for introduction of aquatic
plants. For example, in Great Britain 22 of 31 estab-
lished non-native freshwater plant species were intro-
duced for the ornamental trade [8]. The aquaculture
trade has unintentionally introduced a large number of
non-native aquatic species as contaminants of intention-
ally introduced species such as fish or shellfish. This is
true for both marine and freshwater habitats. For exam-
ple, the unintentional introduction and spread of the
brown algae Sargassum muticum, the Japanease kelp
Undaria pinnatifida, and the snail Ocinebrellus inorna-
tus, as well as the oyster parasites Mytilicola orientalis
and Myicola ostreae, all occurred because these species
inadvertently arrived associated with marine shellfish
imported from Asia to Europe for aquaculture [36].
Characteristics of highly invaded regions
The number of invasive species found in a region
depends on the number of species that have been intro-
duced, the proportion of introduced species that have
become established, and the proportion of established
species that have gone on to cause impacts. When
investigating differences among regions, invasion biolo-
gists have generally left aside the pathways and process
of introduction and focused instead on the proportions
of introduced species that become established, and of
established species that become invasive [39]. Ecosys-
tems where these proportions are high have been
assumed to be highly invasible, while others have been
deemed relatively resistant.
Different theories have been proposed to explain why
some regions appear more invasible than others. Perhaps
the most influential has been the biotic resistance hypoth-
esis, an early champion of which was Charles Elton, often
referred to as the scientist who founded the field of inva-
sion biology (e.g. [19]; although we note that Charles
Darwin [40] and other biologists had already written
about the spread and impacts of non-native species,
[11,41]). This hypothesis holds that regions with high
biodiversity and a relatively low level of disturbance,
especially disturbance from humans, are more resistant
to establishment by non-native species [42]. The ratio-
nale is that less diverse and/or more disturbed ecosys-
tems are likely to have more vacant niches that
introduced species can inhabit. Although this is an intui-
tively appealing argument, there has been little empirical
evidence generated to support it. In fact, especially at lar-
ger spatial scales, there is increasing evidence that highly
diverse habitats are actually more prone to non-native
species establishment (e.g. [43-45]. Several authors have
attempted to reconcile the contrasting theory and evi-
dence, but no consensus has yet been reached (e.g.
[46,47]). A large obstacle to finding this consensus comes
from the difficulty of quantitatively assessing levels of dis-
turbance and the presence of vacant niches.
As well as trying to reconcile theory and observed pat-
terns in species establishment, ecologists are now paying
more attention to the introduction process. Recent
results show that the number of species introduced to a
region may be at least as important as the invasibility of
the region in determining how many species become
established [48-52]. This is discussed further in the fol-
lowing sections.
Terrestrial animals
There is a particular lack of support for the biotic resis-
tance hypothesis when terrestrial animals are considered
(see [52] and references therein). It has become clear in
recent years that the key difference among regions with
different numbers of established terrestrial animals is the
number of species that have been introduced. But which
regions are the ones that receive more introductions than
others? The answer is that regions with high human
impact typically receive more species introductions than
other regions, and that this leads to them containing
more established species. For example, 12 non-native
mammal species have established in France, nine in Ger-
many, but just two in Portugal. Contrary to what would
be predicted from the biotic resistance hypothesis, it is
not easier for introduced mammals to establish in coun-
tries with high human impact, but these countries host
more non-native mammals than other countries because
they have received more species introductions [52]. Dif-
ferences among the number of established birds in Eur-
opean countries can also be best explained by differences
in number of introduced species [51].
Plants
Patterns of plant invasion in Europe offer little support
for the biotic resistance hypothesis (e.g. [44,53,54]).
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Instead, apart from broad habitat type, the number of
species introduced and their propagule pressure appear
to be the most important determinants of the number
of established non-native species in any given region (e.
g. [55,56]). The most invaded habitats in Europe are in
heavily transformed landscapes such as agricultural land,
coniferous forests, urban areas, and dump or construc-
tion sites [57]. In contrast, natural and semi-natural
environments such as broad leaved and mixed forests,
pastures, natural grasslands, moors, heathlands and
peatbogs have remained relatively uninvaded [57]. This
pattern is consistent with that observed for terrestrial
animals - that sites experiencing high levels of human
disturbance and high propagule pressure tend to be the
most invaded. Disturbance increases plant invasions
because it leads to loss of native species that could com-
pete with introduced non-native species, and because it
increases availability of resources [58]. High propagule
pressure occurs in the same regions because human
activities lead to many plant introductions [59].
The highest proportions of established terrestrial plant
species in Europe occur in agricultural landscapes, espe-
cially in eastern Britain, northern France, Central and
Eastern Europe, and the Po floodplain in Italy. In con-
trast to a global pattern of Mediterranean-type ecosys-
tems being highly invaded, the European Mediterranean
biogeographic region is relatively uninvaded, probably
due to a long history of human presence and prehistoric
introductions in the Mediterranean Basin, which may
make its ecosystems relatively resistant against recently
introduced species [57]. Additionally, the Mediterranean
Basin acted as more of a donor than recipient region for
species introductions during the colonization of the
New World [60].
It has been argued that harsh environments (e.g.
alpine habitats) might not be suitable for non-native
species. However, these are also often the habitats that
experience low propagule pressure [61]. Hence, it is
clear that the intensity of human activities that increase
or facilitate propagule pressure, pathways of introduc-
tion, intensity of disturbance, and eutrophication, are
important determinants of non-native plant invasions.
For many taxa in Europe, it is even more important
than climate or other features of the physical environ-
ment [62].
Aquatic organisms
European aquatic ecosystems containing the highest
numbers of non-native species tend to be those with
high connectivity to other ecosystems, high frequency of
human access (e.g. for transportation or recreation), and
high disturbance. These include boat harbours, recrea-
tional areas at lakes (jetties etc.), and the many canals
that now cross Europe. More remote water bodies,
including mountain lakes and headwater streams, tend
to be least and last invaded. Thus, propagule pressure
can largely explain the intensity and diversity of estab-
lished non-native species in aquatic environments [3,20].
In marine ecosystems, the number and frequency of
pathways, tidal movements, availability of empty niches,
and availability of different substrate types for settlement
are the main factors that determine susceptibility to
invasion, with highest rates of non-native species estab-
lishment typically found in shallow coastal zones [36].
Consequently, marine ecosystems with high numbers of
established species in Europe include the eastern Medi-
terranean with hundreds of introductions through the
Suez Canal [63], as well as the Gulf of Finland, the Gulf
of Riga, the coastal lagoons [64-66], and the Oos-
terschelde estuary [67]. Of the 737 non-native multicel-
lular animal species recorded from European seas, 569
have been found in the Mediterranean, 200 along the
Atlantic coast (Norway to the Azores, including the UK
and Ireland), and 62 in the Baltic Sea [36]. Numbers in
the Mediterranean are highest because of the Suez
Canal, the role of the Mediterranean as a long-time hub
of international shipping, and a surge in development of
mariculture [36].
Characteristics of invasive species
An alternative perspective comes from asking whether
there are traits of non-native species that are associated
with successful passage through the invasion process.
Ecologists have been asking this question for several
decades (e.g. [68]), often concentrating on intuitive life-
history traits such as early reproduction, high reproduc-
tive output, or a non-specialized diet (reviewed by
[69,70]). This work has recently become more important
because many nations, including several in Europe and
the European Union, have begun to develop risk assess-
ment programs for non-native species [71-75]. The
development of risk assessment tools begins with the
search for patterns in species traits that are associated
with successful passage through the invasion process. If
robust patterns are identified, they can be applied to
non-native species to determine the likelihood that they
will become established, spread, and/or become invasive
(see [2,76,77] for reviews). In this way, knowledge of
non-native species traits can support pro-active efforts
to prevent new invasions.
Although the search for traits of invasive species has
been fruitful, recent results have shown that propagule
pressure can be confounded with invasiveness [39]. As
for the discussion above that focused on differences in
invasibility among regions, invasion biologists have tra-
ditionally left aside introduction and focused on estab-
lishment and spread when looking for differences
between the traits of invasive and non-invasive species.
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Recent studies have challenged this by showing that
those species most likely to establish are often those
introduced in the highest numbers and most frequently.
This does not mean that the search for traits of invasive
species is not worthwhile, but does indicate that addi-
tional factors are important.
Terrestrial animals
Recent studies of the characteristics of invasive terres-
trial animal species have shown that invasive species
tend to have been introduced in higher numbers and
more frequently than non-invasive species [69,78].
Mammals and birds that are hunted by humans are
more frequently invasive than other species of mammals
and birds because they have been more frequently intro-
duced than other species, even though their establish-
ment success is not higher than that of other species
[69]. The same is true for mammals and birds with
large native ranges which also become invasive more
frequently than species with smaller native ranges. Their
establishment success has not been shown to be higher
than that of non-native species with smaller native
ranges, meaning that this pattern is best explained by
their increased frequency of introduction [69,79].
Terrestrial animals living in association with humans
tend to become invasive more often than other species
[69]. Good examples are the Norway rat (Rattus norvegi-
cus) which reaches extremely high population densities in
cities; the rose-ringed parakeet (Psittacula krameri), native
to Africa and Asia and also often very abundant in human
settlements; and the harlequin ladybird (Harmonia axyri-
dis), native to Asia and infamous for its large aggregations
in buildings during winter [6]. Thus, a clear understanding
of human activities, both in terms of propagule pressure
and the location of human settlements, is very important
for understanding patterns of establishment, spread, and
harm for non-native terrestrial animals.
There are also species-level biological traits linked to
terrestrial animal invasiveness. For example, behavioural
flexibility as expressed by brain size was among the best
predictors of invasiveness in a study of non-native birds
[80]. Mammals and birds with high ecological flexibility
(indicated by the number of different types of food they
consume or the number of different types of habitat
they use) also tend to be more invasive than other spe-
cies [69,81,82]. Thus, species that are relatively more
behaviourally and ecologically flexible tend to become
invasive more often than other species.
Terrestrial plants
Several factors are related to the invasion success of indi-
vidual plant species. First, non-native plants that have
been introduced and/or planted more frequently (i.e.
higher propagule pressure) are more likely to become
established and to have a larger range (e.g. [83]). Second,
residence time (i.e. time since introduction) in the non-
native range is important, with those species that have
been present for longer tending to have larger ranges
[84]. This is an effect of having the opportunity to fulfil
more life cycles and also simply having the time to spread
further. The importance of residence time is also asso-
ciated with propagule pressure, as species that were
introduced a long time ago are likely to have been intro-
duced many times since the first introduction. Third,
species with larger native ranges are more likely to suc-
cessfully establish beyond their native range. Similar to
terrestrial animals, this is presumably associated with a
higher probability that the species will be accidentally
transported [85]. Additionally, species with a large native
range are more likely to have a strong climate match to
at least part of Europe, making them pre-adapted to sur-
vive there. Fourth, once terrestrial plant species have
been introduced to the new range, traits of the species
are important for determining whether they will success-
fully establish, spread, and cause harm. Traits known to
promote passage through the invasion sequence include
long flowering season, being an annual, vegetative spread,
having multiple dispersal vectors [85], high maximum
relative growth rate, and high resource allocation to
shoots and leaves [86,87].
Many studies that have attempted to relate biological
traits to invasiveness have explained little of the variation
and have neglected trait interactions. Including interac-
tions among traits (i.e. explicitly considering that one
trait value might have a different influence on invasion
success in the presence of other traits) can result in
much better explanatory models. Küster et al. [88] found
that trait interactions accounted for >40% of the variation
that could explain invasion success of non-native terres-
trial plants in Germany. Interestingly, long flowering sea-
son was beneficial for self-pollinated species, but was
disadvantageous for wind pollinated species, and had no
effect on insect-pollinated species. Furthermore, the
effect of timing of the end of the flowering season on
invasion success differed among plant species with differ-
ent vegetative reproduction strategies or different levels
of ploidy (number of chromosome sets in the cell).
Thompson and Davis [89], however, argue that such ana-
lyses tell us very little because successful invaders do not
differ in their traits from those of widespread native plant
species. Despite this critique, incorporating statistical
interactions among traits should increase our knowledge
of characteristics that make a species likely to expand or
contract its range, whether non-native or native.
Aquatic organisms
As for terrestrial animals and plants, there are some
general rules that separate non-native aquatic species
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that successfully pass through the invasion sequence
from those that do not. Some of the characteristics that
influence invasion success are associated with biological
traits whereas others are closely linked to interaction
with humans. For example, species introduced inten-
tionally (and hitchhiking species associated with them)
because they have desirable attributes tend to be more
successful than undesired species. Prominent examples
in marine environments include the introductions of
alien shellfish species (e.g. Crassostrea gigas introduced
to France from Japan) for mariculture, which have
arrived with several associated parasites and algae. Addi-
tionally, many of the most widespread non-native aqua-
tic species in Europe are generalists that can tolerate a
wide range of environmental conditions such as water
temperature and salinity. European brackish water sys-
tems hold a great diversity of invaders which may be
due to their poor native species richness [90] and the
great ecological plasticity of the non-native species that
have established. In addition to the breadth of ecological
niches, similarity of environmental conditions in the
donor and the receiving region can also be crucial [28].
For example, most of the 569 non-native species in the
Mediterranean are thermophilic and originated from
tropical waters in the Indo-Pacific, the Indian Ocean,
the Red Sea, and pan-tropical regions [36].
Differences in life history and reproduction can differ-
entiate between invaders and rare species. This is evi-
dent in freshwater unionid mussels, which are among
the most critically imperiled freshwater taxa both in
North America and Europe [91,92]. These species pro-
duce glochidia larvae that need to attach to a suitable
fish host to survive. The high degree of specialization
and the complex life cycle of unionids probably contri-
bute to the decline in this group. In contrast, invasive
mussels of the genus Dreissena are less specialized and
produce free veliger larvae, allowing for a higher rate of
dispersal through passive transport (e.g. in the ballast
water of ships). Non-native marine species, which have
been predominantly introduced to Europe through ship-
ping, are also more likely to have larval stages that are
tolerant of conditions in ships.
Reproduction rates tend to be higher in invasive aquatic
species compared to those in most non-invasive species (e.
g. [93]). High reproduction can facilitate rapid spread and
secondary introductions into other areas. Mode of feeding
can also be important, with filter-feeding freshwater
macroinvertebrates in Europe and North America known
to be more successful at invading than predator macroin-
vertebrates [94]. This has the impact of enhancing energy
flow between benthic (i.e. bottom) and pelagic (i.e. open
water) regions because algae that are produced mostly in
the pelagic zone are consumed by the benthic filter fee-
ders. For intentional introductions of fishes, where large
predator species tend to be most popular, competition and
top-down regulation may be more important. Overall,
effects of non-native species tend to be greater when they
establish in high abundance and have strong functional
distinctiveness from native species [95].
Number of established non-native species in
Europe
At least several thousand non-native species are now
established in Europe [6]. These include species not
native to any part of Europe, as well as species native to
one part but now established in another. The following
sections give estimates of the number of species in dif-
ferent habitat categories that are established in Europe
and not native to any part (unless stated otherwise).
These figures should be seen as low estimates of the
true numbers of established species because only
recorded species are included; it is likely that many
additional species are established but not yet recorded.
Terrestrial animals
According to the DAISIE database, there are 33 non-
native established mammal species [31] and 77 estab-
lished bird species in Europe [32]. These figures are
probably quite accurate because these taxa are relatively
large and easy to distinguish from native species. For
the same reason, the estimate of 55 established reptiles
and amphibians in Europe [32] is also probably quite
accurate. In contrast, estimates for invertebrates are
likely to be more severe underestimates because these
species are more difficult to collect and identify. Within
terrestrial invertebrates, data for insects tend to be more
accurate than those for other invertebrates [33]. Insects
are also the dominant group among non-native terres-
trial invertebrates in Europe: of 1,522 established spe-
cies, 1,306 (86%) are insects [33]. This high proportion
is not unexpected, however, as 85% of the world’s
known invertebrates are insects [96].
Terrestrial plants
Terrestrial plants are generally well sampled, but it can
be difficult to assess total numbers of established non-
native species because the same species is often given
different scientific names in different parts of Europe.
According to the DAISIE database [10], 5,789 plant spe-
cies have been recorded from the wild (not necessarily
established) in at least one European country to which
they are not native. These species come from 213
families and 1,567 genera, and include 2,843 species not
native to any European country. A total of 3,749 plant
species are known to be established in at least one Eur-
opean country to which they are not native, and 1,780
of these species are entirely non-native to Europe. We
note that the numbers just given include all species
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recognized as non-native, irrespective of their date of
introduction [97]. Traditionally, in those countries
where records are available, botanists distinguish
between species introduced before the European discov-
ery of the Americas (1492) and those introduced later.
Aquatic organisms
It is estimated that 737 non-native multicellular animal
species from marine environments and 262 non-native
freshwater animal species are now established in Europe
[36,37]. These comprise a wide range of taxa, including
fishes, arthropods, mollusks, platyhelminthes, and anne-
lids. For aquatic plants, it is estimated that at least 260
species not native to any part of Europe are established
in inland waterways [34].
The number and diversity of non-native species is
variable across different regions of Europe. For example,
in Great Britain the 134 established non-native species
in freshwater ecosystems are dominated by plants (31),
fishes (18), non-decapod crustaceans (17), platyhel-
minths (15), and amphibians (11; full list in [8]). In Italy,
the patterns are somewhat different, with the 112 non-
native species from inland aquatic systems being domi-
nated by fishes (38), non-decapod crustaceans (28), and
gastropods (7; full list in [98]). In each case, it is reason-
able to expect that non-native species from groups such
as fishes and crayfishes are better represented in the
data than records of species that are smaller and less
often sampled (e.g. annelids).
Just seven non-native vascular plants have been identi-
fied in European marine ecosystems [34]. In contrast,
numbers of non-native marine species (i.e. including ani-
mals and other multicellular organisms) are much larger.
The three main marine biogeographic regions of Europe
are the Mediterranean, the Atlantic coast, and the Baltic
Sea; these contain 569, 200, and 62 established non-
native species, respectively [36]. These species cover a
large taxonomic range, from fishes to barnacles to plants.
Impacts of non-native species in Europe
Invasive species have a large and diverse range of
impacts in Europe. This diversity of impacts is mainly
driven by the diversity of species, and makes generalized
statements about types of impact difficult. However, it is
clear that invasive species have significant negative
impacts on many native species and almost all ecosys-
tems, on the European economy, and on human health
(recently reviewed by [7]). Economic impacts alone are
estimated to be at least 12.5 billion EUR per year, and
are probably over 20 billion EUR [99].
Terrestrial animals
Ecological impacts of invasive terrestrial animal species
include predation/herbivory, competition, transmission
of diseases, and hybridization with native species. Eco-
nomic effects include impacts on human infrastructure,
human health, human social life, livestock, plant produc-
tion, and forestry [7,100,101]. For example, Norway rats
(Rattus norvegicus) predate many native species and
have caused declines in native bird species and small
mammal species. They are also a reservoir and vector of
many diseases, including hepatitis E, leptospirosis, han-
tavirus, and Q fever. The invasive American mink (Neo-
vison vison) is a competitor of the European mink
(Mustela lutreola) which is now listed as endangered on
the IUCN Red List of Threatened Species. Another
example of an invasive competitor of a native species is
the North American grey squirrel (Sciurus carolinensis,
Figure 1A) that threatens the native red squirrel (Sciurus
vulgaris), especially in the U.K. and Italy. The Canada
goose (Branta canadensis, Figure 1B) is also an abun-
dant invader. It hybridizes and competes with native
geese, and its droppings can cause human health
hazards and algal blooms. The Asian tiger mosquito
(Aedes albopictus) competes with native mosquito spe-
cies; its bites are a nuisance to humans, and it is a vec-
tor for diseases such as West Nile virus. Another
invasive terrestrial invertebrate with severe impacts is
the harlequin ladybird (Harmonia axyridis). Its tendency
to overwinter in large aggregations inside buildings is a
nuisance to many people, and the unpleasant odour of
its body fluids can destroy the taste of wine. It also
threatens native ladybirds and other European insect
species [6]. Overall, invasive terrestrial invertebrate spe-
cies cause costs of at least 1.5 billion EUR per year in
Europe, and invasive terrestrial vertebrates cause costs
of at least 4.8 billion EUR per year [99].
Terrestrial plants
Many invasive plant species in Europe are primarily
recognized as agricultural or forestry weeds. Addition-
ally, 17 out of the 18 plant species recorded among the
most damaging invasive species in Europe [6] are
known to reduce the habitat of native species [34]. Eight
of them are reported to disrupt community assemblages,
for example by impacting plant pollinator networks [34].
Non-native plant species can also hybridize with closely
related native species so that distinctive genotypes of
native plants are lost [102]. Species such as Japanese
knotweed (Fallopia japonica) and Himalayan balsam
(Impatiens glandulifera) grow and are nuisance species
along railway lines (the former) and waterways (both).
Other plant species can cause severe health problems.
For example, giant hogweed (Herracleum mantegazzia-
num, Figure 1C) produces sap that causes skin lesions
to humans upon contact [103]. The pollen of invasive
ragweed (Ambrosia artemisiifolia, Figure 1E) is highly
allergenic to humans, and estimates of associated
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medical costs in Germany range between 17 and 47 mil-
lion EUR annually [104]. According to Vilà et al. [7], the
most costly plant invaders affecting nature conservation,
agriculture, forestry, and fisheries in Europe are pigface
species (Carpobrotus spp.). These produce annual costs
for control and eradication in Spain of approximately
0.58 million EUR [105]. Overall, invasive terrestrial
plants cause costs of at least 3.7 billion EUR per year in
Europe [99].
Aquatic organisms
Invasive species are considered one of five major threats
to aquatic biodiversity worldwide [4], with particularly
large impacts on freshwater habitats [106,107]. The iso-
lated nature of most freshwater habitats means that nat-
ural spread of aquatic organisms into new habitats
occurs at low frequencies. In turn, this means that aqua-
tic communities tend to be more different to each other,
and thus that the increased rates of species movement
caused by human pathways have large potential for
impacts on biodiversity.
Traditionally, the study of invasions in aquatic ecosys-
tems has had a strong focus on economically important
and visible species, whereas invasive populations of
small taxa (e.g. plankton) or groups that are difficult to
identify at the species level (e.g. chironomids) have
rarely been considered. As a larger and more visible spe-
cies, North American signal crayfish (Pacifastacus
leniusculus, Figure 1F) have been relatively well moni-
tored and recorded. They were introduced to Europe
primarily for aquaculture, have spread rapidly, and are
now considered one of the major threats to the indigen-
ous crayfish fauna [108]. In addition to their competitive
behaviour [109], North American crayfish are hosts of
the crayfish plague (Aphanomyces astaci), an oomycete
fungus that causes a lethal disease to European crayfish
[110]. Also, the introduction of non-native salmonids
and gobiids (e.g. Neogobius melanostomus, Figure 1D)
has resulted in the decline and even extinction of indi-
genous species, and caused ecosystem shifts in lakes and
streams [6,111]. In economic terms, the zebra mussel
Dreissena polymorpha, which can completely block
Figure 1 Examples of high-impact invasive species in Europe. (A) grey squirrel (Sciurus carolinensis), native to North America, © Jeschke; (B)
Canada goose (Branta canadensis), also native to North America, © Jeschke; (C) giant hogweed (Heracleum mantegazzianum), native to the
Caucasus region, © Denholm, NJ Dept of Agriculture, Bugwood.org; (D) round goby (Neogobius melanostomus), native to the Caspian, Black, and
Azov Seas, © Aquatic Systems Biology Unit, TUM; (E) common ragweed (Ambrosia artemisiifolia), native to North America, © Bodner, Southern
Weed Science Society, Bugwood.org; (F) signal crayfish (Pacifastacus leniusculus), native to North America, © Aquatic Systems Biology Unit, TUM.
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cooling systems in hydropower plants, probably has the
greatest impact of all freshwater invaders.
In marine habitats, negative effects of non-native spe-
cies include declines in native species richness and
abundance. These impacts have been associated with
the invasion of Caulerpa taxifolia into the Mediterra-
nean [112], and with the high mortality rates of Eur-
opean oysters (Ostrea edulis) due to competition with
introduced Pacific oysters (Crassostrea gigas) and
damage from introduced parasites. Despite these exam-
ples, there is little comprehensive evidence for most
impacts of invasive marine species, and there are some
examples of economic benefits. For example, the release
of the red king crab (Paralithodes camtschaticus) into
the Barents Sea and its southward spread along the Nor-
wegian coast has provided an additional fishery and
income for fishermen in the order of 9 million EUR per
year [36]. Nonetheless, negative impacts of invasive
aquatic species in Europe are high and have been esti-
mated to cost at least 2.2 billion EUR per year [99].
Management and policy for invasive species
Policy challenges
Compared to other environmental problems, invasive
species present at least six particular challenges. First,
their impacts tend to increase over time as populations
become larger and spread [113]. In contrast, other envir-
onmentally damaging activities, such as the release of
chemical pollutants, generally decrease in severity over
time after the activity is ended. This means that popula-
tions of invasive species can best be managed through
rapid eradication of new populations [114]. This is most
feasible soon after a species becomes established, but
the type of biological information needed to support
eradication and the resources and political will to eradi-
cate a harmful invader are generally not available until
the species has spread and become invasive. By this
point there are fewer options to control the population,
and the level of resources required, and the possibility
for undesirable side effects on other ecosystem compo-
nents, are usually prohibitive.
Second, many other issues for environmental policy,
such as forestry and mineral exploration, can be effec-
tively managed with little concern for the policies fol-
lowed by one’s neighbours. In contrast, invasive species
readily cross borders as long as there is suitable habitat
on the other side [1]. This means that efforts to prevent
invasions need to be mindful of the efforts being made
in neighbouring jurisdictions [1]. As European econo-
mies become more integrated there are fewer barriers,
such as border checks, to the spread of invasive species.
Third, invasive species often travel as contaminants of
valuable trade. For example, most large ships carry bal-
last water to increase their weight when they are not
fully loaded with cargo. This ballast is taken on at one
port, along with any organisms in the water, and dis-
charged at subsequent ports as cargo is loaded. Uninten-
tional transfer of organisms in ballast tanks is now the
largest single cause of marine invasions [115], and a
strong factor in freshwater invasions [28,116]. Reducing
the spread of invasive species via this pathway would
either require constraints on where ships travel, or the
installation onto all ships of expensive ballast treatment
technology. Either of these options would increase the
cost of shipped goods. Thus, control of invasive species
often involves trade-offs with other activities, complicat-
ing decisions about how impacts can best be managed
[114].
Fourth, it is usually impossible to determine the exact
conditions that will lead to an invasion. Risky activities,
such as collecting ballast water in one port and dumping
it in another, may occur many times before an invader
becomes established. The invasion of the Laurentian
Great Lakes by zebra mussels (Dreissena polymorpha) in
the late 1980s, for example, had been predicted for over
a century before it actually occurred [117]. These pre-
dictions were based on shipping connections between
the Great Lakes and regions where zebra mussel was
established, and on the fact that the species is well sui-
ted to Great Lakes conditions. Why it took so long for
the invasion to occur and why it occurred when it did
remains unknown. This general uncertainty about inva-
sions complicates management because economic activ-
ities with definite and well-quantified immediate
benefits must be balanced against risks from the sto-
chastic invasion process [118].
Fifth, controlling the spread of invasive species
requires international cooperation, and this is often diffi-
cult to achieve [1]. For example, in response to the risk
from ballast water invasions, the International Maritime
Organization (IMO) produced the International Conven-
tion for the Control and Management of Ships Ballast
Water and Sediments in February 2004. This convention
requires the establishment of ballast water management
systems on ships, with the goal of preventing the move-
ment of live organisms. The dates at which each ship
would be required to have ballast water treatment facil-
ities differ based on ship size and age, but fall between
2009 and 2016. Despite this convention being finalized
for several years and despite a widespread consensus
that its implementation could reduce rates of invasion,
it has not yet come into effect because too few countries
have ratified it. Many other pathways of species invasion
could be best managed at an international level, but
policies have rarely been negotiated and implemented at
this level [1].
Finally, there is often a considerable time lag, occa-
sionally as much as several centuries, between the
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introduction of non-native species and their spread.
These time lags appear to be especially long for terres-
trial plants [12]. In a recent paper, Essl et al. [13] have
shown that this may lead to an ‘invasion debt’ in which
human activities many decades ago may have already set
in process invasions that have not yet been recorded. In
their paper, Essl et al. [13] showed that for several
groups of plants and animals the socio-economic condi-
tions in Europe during 1900 were more closely related
to current levels of invasions than conditions in the year
2000, even though many species were introduced in the
second half of the twentieth century. This means that
current activities in Europe may be setting in motion
many future invasions.
Bioeconomic approaches to policy and management
Ecological studies of species invasions have increased in
number and sophistication over the last several decades
[19]. This has created a much clearer picture of the
number of species that are established beyond their
native range, and the types and severity of impacts that
they cause. Recognition of these impacts has led to
increased calls for management and policy (e.g. [119]).
Although many nations now have policies to reduce the
impacts of invasive species, invaders continue to arrive
at an increasing rate, indicating that the results from
ecological studies have not prompted sufficient changes
in policy and management.
Concurrent with advances by ecologists, economists
have taken an interest in the problems of invasive spe-
cies. Much of their interest centres on the trade-offs
that must be made to manage invasive species [114].
For example, economists might make the link between a
beneficial trade route and the risks from invasions that
it causes. They can then ask if and how the trade route
can be restricted or modified to reduce risks from inva-
sive species while maximizing overall societal welfare (e.
g. [120]).
Although ecologists and economists have often
addressed similar concerns (i.e. how to reduce the
impacts of invasive species), they have rarely worked
together. This stems in part from a lack of understand-
ing between the disciplines. In particular, ecologists may
be unwilling to consider ecosystem components/quali-
ties (e.g. biodiversity) in monetary terms. On the econo-
mist side, there is often a lack of willingness to work
with ecological systems because they are so complex, in
many cases are poorly understood even by ecologists,
and because the relationships among ecosystem compo-
nents may not fit into traditional economic models.
As described above, the introduction of non-native
species is a consequence of the globalization of trade
and travel. The benefits to society from globalization are
large, as are the benefits from non-native species used
in agriculture, horticulture, forestry, fisheries, landscap-
ing, and the pet trade, etc. Thus, the benefits from pol-
icy that prevents and manages invasions must be
balanced against the costs of the policy, including the
costs of restricting trade. In practical terms, this requires
a good understanding of both the ecological and eco-
nomic dimensions of invasions, and requires that econo-
mists and ecologists work together to design appropriate
policies.
General principles for policy and management
It is generally accepted, and has often been shown, that
the best way to reduce total impacts from invasive spe-
cies is to prevent their introduction [113,119,121]. For
example, studies have shown that preventing the spread
of an invader among lakes [122,123], and the spread of
species among countries through trade [120], is eco-
nomically preferable to managing species after they
arrive. If prevention of all introductions is not feasible,
efforts to reduce propagule pressure should be the goal
as this may effectively prevent a proportion of invasions.
Prevention is considered more effective than managing
established invaders for at least three reasons. First, it is
the only sure way to avoid impacts of invasive species,
which as noted above are rarely eradicated. Second,
there are more management options available prior to
invasion. These include a variety of laws and regulations,
quarantine efforts, and the threat of punitive action
against individuals or companies that do not comply.
Finally, prevention efforts give the opportunity to shift
the costs of reducing impacts to the trades that derive
greatest benefits from the movement of species [1]. For
example, although the pet trade has introduced many
harmful invaders around the world, the exporters,
importers, and retailers who derive greatest benefits
from the trade have not been required to pay the costs.
Instead, those costs are generally borne by society as
government agencies work to control invaders. Prior to
invasion, however, it is possible to impose regulations
that require the trades to ensure that they are not trans-
porting potential invaders. Thus, the externality of trade
can be internalized.
Post-establishment, the broad range of invasive species
and the ecosystems they become established in, and the
heterogeneous ways that humans value those ecosys-
tems, means that few generalizations can be given for
management and policy. That is, appropriate manage-
ment and policy for harmful invasive species is highly
context dependent. Options include poisoning (e.g. her-
bicides, pesticides, piscicides), manual removal (e.g. pull-
ing plants), capturing and killing (e.g. trapping,
shooting), and release of additional species that may
provide biological control of the invader. As the applica-
tions of these methods are context dependent, and
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because different countries within Europe have different
standards for the application of these methods, they are
not explored further here. The general principle of pre-
vention still applies, however, and efforts to slow or
eliminate population spread will often be the most cost-
effective ways to reduce total impacts.
Invasive species policy in Europe
There is a large diversity of national approaches to inva-
sive species within the EU (see review in [124]). These
range from relatively advanced policies and procedures,
such as in the Netherlands where there is a national
policy framework for addressing invasive species, to
nations that do relatively little to prevent the arrival and
spread of invaders. Open internal borders, however, cre-
ate a weak-link problem in the EU where even nations
with the most stringent policies remain at risk because
some of their neighbors and trading partners are doing
relatively little [1].
At the international level there are several instruments
that address the threats from invasive species. These
include the Convention on Biological Diversity (CBD,
implemented into European legislation by Council Deci-
sion 93/626/EEC), which requires ratifying nations to
work to prevent the introduction, spread, and export of
all types of invasive species (http://www.cbd.int/). There
is no history, however, of nations being sanctioned for
not following the invasive species guidelines, and there
is little evidence that the CBD has led to improved inva-
sive species management at the global scale.
Non-native species that pose direct threats to animals
or plants (cultivated or wild) are actively managed at the
international level by the World Organization for Ani-
mal Health (OIE) and International Plant Protection
Convention (IPPC), respectively. While these instru-
ments have proven effective for restricting the spread of
some invaders, they have most often been used to
address diseases of livestock and pests of crops, with
less attention paid to invasive species that cause primar-
ily environmental harm [124]. Within the framework of
the IPPC is the European and Mediterranean Plant Pro-
tection Convention which develops regional measures to
prevent the spread of invasive plants and plant pests for
its 50 member nations (i.e. more than just the EU
nations). Its focus has also been largely on pests of
agriculture.
Although the EU now has policies that address several
region-wide environmental issues (e.g. climate change,
pollution by chemicals), it has not yet created legislation
to address the full range of invasive species and their
pathways. Instead, there are several regimes and direc-
tives that address some invasive species or some path-
ways of introduction. We give two examples here. First,
Council Regulation 708/2007 sets procedures and
standards for aquaculture within the EU with the goal
of reducing the risks that non-native fish, or the diseases
they carry, will become established and invasive. Second,
the Plant Health Regime addresses the introduction and
spread of invasive plants and plant pests, but has been
used primarily to address pests of agriculture. Plants
that pose risks of environmental harm, although they
may arrive through the same pathways, are generally not
covered.
Although the two examples just given address impor-
tant aspects of the invasive species problem, the general
European policy framework remains spread across many
similar and disjunct pieces of legislation. This creates
confusion about which species and pathways should be
addressed by which instrument, and ultimately means
that many invasive species and pathways are not
addressed [124]. In response, several programs have
been established to identify gaps in the current frame-
work and to suggest solutions. One example is the
IMPASSE program that has reviewed the risks of intro-
duction of invasive fish species and fish diseases through
aquaculture (http://ec.europa.eu/research/fp6/ssp/impas-
se_en.htm). However, even if all recommendations from
these programs were enacted, the basic European legis-
lative framework would remain scattered, creating large
obstacles to a coordinated response to the invasive spe-
cies problem.
This lack of coordination has been identified as a ser-
ious shortcoming by the Commission of the European
Communities [14]. In response, the commission set
forth three policy options. The first is a business as
usual model, in which the EU continues to rely on the
current suite of national and EU policies, and the range
of international policy instruments, to address invasive
species. The second is to maximize use of the existing
EU policy framework, possibly with some modifications
of legal instruments so that they better address invasive
species. This approach appeals because it would not
require new legislation. However, it would still be lim-
ited in its application because no current policies
address all invasive species or pathways. The final option
is to create a new legal instrument at the EU level that
would apply to all member states. This third option
could be complemented by the creation of a European
Centre for Invasive Species Management that would
provide a coordinating role [125]
Shine et al [124] recently prepared a comprehensive
review of existing national, international and European
policy, and built upon this to evaluate the three policy
options. They strongly recommended the final option -
a new legislative instrument - and noted that it is the
only option that would provide a basis for coordinated
action against all invasive species. Additionally, an eco-
nomic analysis showed that although this option would
Keller et al. Environmental Sciences Europe 2011, 23:23
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be the most expensive, its costs would be much less
than the avoided costs of the invasive species that it
would prevent from arriving, or that would be managed
more efficiently [124]. This recommendation is currently
under consideration by the EU, and a final decision
about policy approach is expected by 2012.
Conclusions
Europe’s position as a centre for international trade over
many centuries has resulted in it having a large number
and diversity of established non-native species. Many of
these species are invasive and they affect all European
habitats. Impacts include loss of native biodiversity, eco-
nomic losses, and harm to human health. Over the last
several decades the field of invasion biology has grown
markedly [19] and has created a growing understanding
of the biology of invasive species. One of the emergent
insights of invasion biology has been that invasions are
an inherently multi-disciplinary issue. More specifically,
species are introduced through human economic activ-
ities. Without a clear understanding of these activities it
is impossible to explain and understand biological inva-
sions. This is clearly illustrated by the importance of
propagule pressure as a driver of invasions. Propagule
pressure is driven by human activities and is increasingly
recognized as a strong factor in many, if not most,
invasions.
Where timelines of species non-native species discov-
ery are available, it is clear that the problem of invasions
has not been fully addressed by current national or EU
policies. Indeed, many European habitats appear to be
acquiring new non-native species faster now than at any
time in recorded history. Creating and enforcing policies
that slow the rate of invasion is difficult for many rea-
sons, including the value derived from many of the
pathways that move the most species (e.g. shipping).
These policies may be especially difficult in Europe
because it is an environmentally heterogeneous region
where barriers to the movement of goods have been
actively removed to encourage free trade and travel.
Despite this difficulty, current deliberations in the EU
about developing a comprehensive policy instrument to
address invasive species are very promising.
Apart from the policy and management considera-
tions, the spread of non-native species offers many
insights into biological and ecological processes as well
as into the links between biodiversity, ecosystem func-
tioning, and socio-economic impacts. Many researchers
have been attracted to study species invasions because
of the complexities, and the possibility to integrate
across disciplines in ways that both generate new insight
and that can lead to practical policy solutions. By
reviewing a broad range of invasive species, and by
reviewing both the biological and economic literature,
we hope that this manuscript can make a useful contri-
bution toward a more integrative understanding of spe-
cies invasions in Europe.
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